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AN INVESTIGATION OF THE MECHANISM OF 
EXPLOSIVE REACTIONS 


I. InrTRopucTION 


1. Statement of Problem—The numerous changes in the com- 
position of liquid fuels for internal combustion engines and the tendency 
towards the employment of higher compression ratios, which frequently - 
result in “fuel knock,’”’ have indicated the desirability of a more de- 
tailed and complete knowledge of the actual mechanism of explosive 


reactions. 


; 


A great amount of experimental work has been done on this prob- 
lem, but there are so many phases of the general subject that it is diffi- 


cult to consider more than one or two divisions of the problem in one 
investigation. 


The.experiments reported in this bulletin are a continuation of the 
general investigation of the explosion of gaseous and liquid fuels which 
has been conducted in the Engineering Experiment Station of the 
University of Illinois.* 


2. Object and Scope of Investigation—The object of this investiga- 
tion was a study of the flame propagation in a closed cylindrical bomb 
and a comparison of results of a theoretical analysis of flame propaga- 
tion with the actual phenomena as observed by means of photographic 
records. 

Furthermore, it was desired to investigate certain phenomena 
reported by other experimenters, such as the flame arrest and other 
obscure processes of explosive reaction. 

The present investigation has been limited to the study of the 
explosion of mixtures of ethyl ether and air in a cylindrical bomb of 
constant volume. Two bombs of the same diameter but different lengths 
were used for the investigation. 


3. Acknowledgments.—Acknowledgment is hereby made to A. P. 
Kratz, Research Professor in the Department of Mechanical Engineer- 
ing, for his continued interest and helpful suggestions. Mr. A. G. 
Exprepae, Head of the Department of Photography, also made many 
valuable suggestions relative to the photographic processes and gave 
material assistance by the loan of photographic apparatus. 

*“A Study of Explosions of Gaseous Mixtures,’ Univ. of Ill. Eng. Exp. Sta., Bul. 133, 1922. 
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II. TuHroreticaL Discussion oF EXPLOSIONS IN A 
CLOSED VESSEL 


4. The Process of Explosion—If a homogeneous mixture of in- 
flammable gas, or vapor, and air, at a given temperature and pressure, 


is enclosed in a vessel, and the mixture is ignited, the resultant reaction _ 


will take place at a rate dependent on various conditions existing in re- 
gard to the character of the fuel and to the physical state of the mixture. 
The reaction occurring in such a case may be classed as a progressive 
homogeneous reaction.* 

The reaction proceeds somewhat as follows: Assuming ignition at — 
one end of the bomb, a layer of gas near the ignition point burns and 
expands. On expanding, it compresses the unburned layers of gas as 
shown in Fig. 1. The second layer of gas mixture is ignited by contact 
and mechanical spread of the flame, and it in turn burns and expands, 
further compressing the unburned mixture ahead, of it. This process 
is repeated until all the mixture in the bomb has burned. It is obvious 
from the process thus defined that each layer of gas burns under con- 
ditions different from those affecting the layer immediately before or 
immediately after it. 
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Fia. 1. Dracram or Expiosion Process 


A combustion such as described is what might be termed a “normal 
explosion,” since it is not of the “slow combustion” type, which pre- 
sumably occurs immediately after ignition, nor is it a detonation, which 
might be called an “abnormal explosion.” 

Even though the process of normal explosion is a progressive one 
and the reaction proceeds under different conditions from point to point, 

*Brown, G. G. Ind. & Eng. Chem., Vol. 17, p. 1229, 1925. 
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an analysis can be made which takes into account the different initial 
conditions under which each gas layer burns. Such an analysis has 
been made by Professor A. Nigel* (see Section 6). 

In order to calculate the maximum temperature and pressure at- 
tained (assuming the reaction to be homogeneous, not progressive, and 
to take place uniformly throughout the mixture), the method of Good- 
enough} has been used. This method takes into account the variations 
with temperature of the specific heat of the gases, and also the dissocia- 
tion of the gases at high temperature. 

5. General Statement Regarding Theory.—The theory upon which 
the calculation of flame propagation is based is that of Professor Nigel.* 
The derivations which follow are adapted from those given by Professor 
Nagel, and in addition some new relations have been deduced. 


6. Derivation of Principal Equation.—Consider a closed cylindrical 


bomb, filled with a mixture of inflammable gas and air. Let the mixture 


be ignited at one end of the bomb, and let combustion proceed until 
a certain fraction of the original volume V is burned. This combustion 
is assumed to take place adiabatically and at constant volume. Now 
let the burned gas which is at high pressure and temperature expand 
adiabatically according to the equation 
PV* = constant 

until pressure equilibrium within the bomb is attained. This process 
of constant volume adiabatic combustion and subsequent adiabatic 
expansion is then repeated, until the whole gas volume is burned. 
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Fig. 2. DragraM or ExpiLosion Boms 


Figure 2 shows a diagrammatic sketch of the cylindrical explosion 
bomb, with the burned gas volume and the unburned gas volume. 
The figure represents the state of the gas after the constant volume 
adiabatic combustion and before expansion. The following notation 
will be used, assuming that V, the total volume of the bomb, is the vol- 
ume of one mol of the initial gas mixture: 

*Nigel, A., ““Versuche iiber die Ziindgeschwindigkeit explosiber Gasgemische,” Mitteilungen i. 


iten, Vol. 54, pp. 1-42, 1908. ‘ : i 
Bee he ies cat anton of ie Rises Temperatures and Pressures Attainable in the Combustion 


of Gaseous and Liquid Fuels,” Univ. of Il]. Eng. Exp. Sta. Bul. 139, 1923. 
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+ 

Before Combustion =, Bebe ee 
Pressure = P; ~ 

- Temperature = T : I ou * 

~ Volume = 7 V Motes = (1-7) 
Weight = 1 Weight = (1 — 1) 


After Combustion 
Pressure = i 


% Temperature = T,, — 
= Volume = 7’/V : 
: Weight = 7’ 
After Expansion After Compression - 
Pressure = P” Pressure = P” 
Temperature = T” Temperature = 7’ 
Volume = \ V Volume = (1 — A) V 
Weight = 7’ Weight = (1 — n) 


The whole process is assumed to be adiabatic. Hence the decrease | 
in energy of the volume I caused by the adiabatic expansion is equal to 
the increase in energy of the volume II caused by the adiabatic con 
pression. Or, 


rye (T, — 7) = — a) YT oT) (1) 


2 


where 7,” and v,’ represent respectively the specific heats at constant 


volume of the burned and unburned gases. If y, denotes the ratio 
” - 


ne (T,=— 7) = 1 =) 7) =O es a 1) (2) 


From the equation for adiabatic changes of volume, 
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where II is the ratio of the final pressure P” to the initial pressure P. | 
Substituting in (2) 3 


b= 1 
na (T,—- 7") =(1—9) T. *— 1) 
p=} 
oy ; ] sci -) 
2) Re, = cee ia 
oy oo es ora ea Gama a 
: Applying the law for perfect gases to the various volumes 
| PinV = n RT, (5) 
Poa V = RT, (6) 
PY" XV =! RT’ (7) 
' From these equations 
; tied i 2 
14 —p a = 91, a (8) 
AS OS i ee T, 
= r P, id << r II pr (9) 
Dividing (8) by (9) 
ee ees (10) 
a5 7 Il, 


Substituting (10) in (4) 
k-—1 
a | een pee tl 
gee fer, Go oe 


Substituting the value of n’ given by (8) in (11) 


k-1 
sits z elAY LT 
eee a eu yen : (12) 
n 


Let ae =y. Then 
Ny 


k—1 
- ae NII 
ceo a2 eee | = I, 
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following i is obtained: ieee 
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Applying the equation for adiabatic compression to the unbw 0 
gas 


~ 


to (18) 


alm 


ix) y (Tt 


Nes 


and simplifying ’ 
Te ei 


{4 eee 


. 
UW @ = 9) ee 


~ 


Equation (15) is the principal equation for the progress of the com-_ 


_ bustion. It expresses A, the travel of the flame along the bomb, in terms ~ 


of the pressure attained II, the maximum pressure of adiabatic constant 


volume combustion II,, and the constants of the gas, y and k. 

It should be noted that the exponent k, which appears in equation 
(15), results from a consideration of the compression of the unburned 
gas volume only. 

It is evident that the basis of this theory is found in equation (1), 


where the changes in energy of the two gas volumes caused by their — 


respective expansion and compression are equated. If the process is 


not adiabatic, or if the reaction continues during and after the ex- 
pansion of the burned gas, the equality of the two energy changes natur- — 


ally is not valid. 
However, a considerable amount of information can be obtained 


by assuming the equality of the energy changes, and by calculating the 
values of the exponent n in the equation. 


PV" = constant 


from equation (15). That is, it may be assumed that equation (15) is. 
valid, even though the process is not adiabatic, and in place of the — 
constant k, the value n may be substituted. Equation (15) then be-— 


comes 
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I, — i 
LS st ny (16) 


nm” (i, — y) -M(1—¥) 


Solving equation (16) for n, 


et eee Oy Urs Sao 
(17) 
II, — I II (1 — y) 
log | (il, = ¥) (1 — d) is qi, — 2] 


By substituting known values of \ and II from the curves of flame 
propagation and pressure, determined by experiment, a value of n can 
be obtained. This value of n will vary thoroughout the explosion pro- 
cess, and while its value in the strictest sense is subject to question, its 


- variation will throw some light on the processes occurring during ex- 


 plosion. 


If it is assumed that the burned gases expand according to the 
law PV™ = constant (instead of PV* = constant), where m is a variable 
during the explosion, the value of m can be determined as follows: 

From a consideration of the pressures and volumes of gas 


Pog me PIS (18a) 
P,; (1—7)" =P” (1—»)” (18b) 
1 1 
0,” =” A (18¢) 
1 
(l1—7) =m" 1-2»): (18d) 


Substituting 7 from equation (18d) in equation (18c) 


1 1 L 
iia [1 n'a Ss » | = IX 


and solving for m, 


v 


log 
Nn = — (19) 


i d 
og eT hie ae 
is — I" (1-2) 
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It is obvious that the value of m, determined as above, is subject — 


to the same criticism as that of n, determined before, since equation 


(19), evaluating m, also contains n. However, as in the case of n, the 
variation of m is of sufficient Eienilicenoe to warrant the drawing of con- 
clusions from it. 

7. Derivation of Velocity Equations.—The velocity with which the 
flame proceeds is composed of two components: 

(1) The chemical reaction velocity, or the velocity with which 
the reaction progresses from one molecule to the next. 

(2) The “compression” velocity, or the velocity of forward 
motion of the molecules caused by the compression of the unburned 
gas ahead of the flame front. 

The total flame velocity is found by differentiating equation (15) with 
respect to time. The total velocity is Y, and is expressed by 


dy 

a BAGh 
n (0, — 7) 00 = 4) + @, — Ge = ¥(4) ay gh 7 ae 
Lm, —y -na-7)] (20) 


d Il : Eke : 
7; can be determined from the indicator diagram. All the other quanti- 


ties appearing in equation (20) are determined from experimental data, 
and therefore the total flame velocity VY can be found. 

The velocity of forward motion of the unburned gas immediately 
in front of the flame is to be determined next. Referring to Fig. 2, (1 — 7) 


b 
" 


i 


denotes the volume of a certain quantity of unburned gas before the 3 


adiabatic compression has occurred, and (1 — h) denotes the volume of 
the same quantity of gas after the adiabatic compression.. Applying the 
equation for adiabatic compression, analogous to equation (14), 


hare -k 
ie 
or 
| 
1-—h= = (21) 
it. 


Differentiating equation (21) with respect to time, the velocity of for- 
ward motion of the unburned gas at the point denoted by (1 — h) in 
Fig. 2 is found. 


actions 15 
ACTIONS si 


Sa 


a 
. rte vs 
ance (1 — =e is beatae to (1 — Xd), thus Ane the vol- Pa 
to the volume (1 — d), and (1 — j) becomes (1 — —'9), 
ocity of forward motion of the unburned gases immediately 
the flame is : 


- 


5 = 
- dv’ dN a Stay 
Y= = Sa Sa = 

‘ — 1” @ = “dt 


tee alk: ear (22) 


wher er ox Aedes the velocity of the unburned gas, as differentiated 


Se 

from “a? the total flame velocity. 

Tet ine subscript z denote the application of equations (20) and (22) 
to a layer of gas at the instant of its entry into the flame front, or zone 
of combustion. Then 7 becomes n,, denoting a given distance along the 


dil 
bomb at which the velocities are to be investigated; ere ‘d, and 
other quantities are to be taken for this point. 

The chemical reaction velocity, or the velocity with which the 


reaction progresses from one molecule to the next, is then 

Le ae Vv, ica wv,’ (23) 
In order to simplify the calculation of the chemical reaction velocity, 
the quotient of the total flame velocity and the velocity of the forward 
motion of the unburned gas is first derived. 


v, bs. Wy, + Wen 
ee WY,’ 


Eat {n"(n,—») -n0 —7)+ (,—T) [- (I,—) eae a—1)]| 


2 I 2 
L n'a, sry yee 11 een ai (7) (24) 
From equation (14) 

Z L 

: é . 

: 


f= 9! =41 — 2) (25) 
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Combining equation (14) with equation (15) 
i, — it 


1-1! =——— 
pia, | 
1* ht, 4) 0 — 4 
Substituting in equation (24) and simplifying, 
welt n er Tire ae) (27) 
4 ii — 

nt wa—y-aa-7) 

As an approximation the last term can be neglected, since (n — 1) 
and (1 — y) are both less than unity, and since the two terms in the 
denominator are fairly large. Then 


n 
I, 
hes 
expresses the ratio of the total flame velocity to the velocity of forward 
motion of the unburned gas in terms of known quantities. The rel- 
ative proportion of the total flame velocity which is due to chemical 
reaction velocity is then 


(28) 


/ 
a ee) (29) 
WV; Vv, n 
aah 
a 
1 


and the chemical reaction velocity may be determined. 


III. CHemicaL AND PuysicaAu Prorertigs oF Fureu 


8. Fuel Used in Experiments.—The fuel used in the experiments 
was ethyl ether (technically pure). This fuel was selected because its 
high vapor pressure afforded an opportunity of making explosions over 
a greater range of temperatures at given initial pressures than if some 
more common paraffin fuel, such as gasoline, had been used. 

The general properties and constants of the ethyl ether fuel are dis- 
cussed below. 


9. Vapor Pressure.—A knowledge of the vapor pressure of ether 
at various temperatures was necessary, in order that the temperatures 
for various initial bomb pressures might be so chosen that the fuel 
would be completely vaporized. 


From the results of Young* the vapor pressures are as follows: 


*Proc. Royal Dublin Society, Vol. 12, p. 374, 1909-10. 
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Varor PressurEs OF Ernyt Eruer 


Temperature Vapor Pressure 

: deg. F. Ib. per sq. in. 
' 104 Lia 
; 122 24 63 
; 158 44 50 
; 212 93 .80 

266 176.8 

302 256.3 


10. Specific Heat.—The available data on the specific heat of ethyl 
ether vapor are so few that only an approximation can be made relative 
to the variation of the specific heat of ether vapor with pressure. 
Hence, the approximate equation given below is probably as valid as 
any, considering the data available. 

Wiedemann* gives for the mean specific heat of ether vapor at 
constant pressure 


25-111 deg. C. 31.7 (per mol) 
27-189 deg. C. 34.2 (per mol) 


Regnault’s valuet between the temperatures of 69 and 224 deg. C. 
is 35.6 for y,, the specific heat per mol at constant pressure. 

De Heent gives for y, at 185 deg. C. the value 40.5. 

Converting to F ahrenheit temperatures, the following table is 
obtained: 


TABLE 1. 


Speciric Hpat or Eruyt Eruer VApPor 


Specific Heat 
Mean Temperatures at Constant Pressure 
deg. C deg. F. deg. F. abs. B.t.u. per lb. mol. 
68 154.4 614.0 BE ay 
108 226.4 686.0 34.2 
146 294.8 754.4 35.6 
185 365.0 824.6 40.5 


*Wied. Ann., vol. 2, p. 195, 1877. 


’Acad., vol. 26, p. 1, 1862. 
ies ce ho 8, vol. 15, p. 522, 1888. Phil. Mag., ser. 5, vol. 26, p. 467, 1888. 
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Fig. 3. Spreciric Heat Curve ror Etuyit ETHER 


These values are plotted in Fig. 3. A straight line relation between 
specific heat and temperature is assumed, as shown. The specific heat 
equations are then 

Yp = 8.820 + 0.0367 T 
7, = 6.835 + 0.0367 T 


where 7' denotes the temperature in deg. F. abs., and y, and y, are the 
specific heats per mol at constant pressure and constant volume, re- 
spectively. 


11. Heat of Combustion—The heat of combustion of ethyl ether 
vapor is given by Thomsen* as 659.6 kg. cal. per gm. at 18 deg. C. 
The ether was burned at constant pressure and the water in the products 
of combustion condensed. Correcting to the lower heating valueft and 
reducing to heat of combustion in B.t.u. per lb. mol, the value 
1 131 029 B.t.u. is obtained. Or, at constant volume, the lower heat 
of combustion is (at 64.4 deg. F. or 524 deg. F. abs.) 


*“Thermochemische Untersuchungen,’”’ vol. IV, p. 147. 1886. 
tUniv. of Ill. Eng. Exp. Sta. Bul. 139, p. 110. 


EE 


H, = 1 132063 B.t.u. per lb. mol 


_ The heat of combustion at constant volume is then 
H, = 1134 143 B.t.u. per lb. mol 


: at 64.4 deg. F. or 524 deg. F. abs. 
Taking the mean of the values according to Thomsen and Stoh- 
- mann, the heating value is 


H, = 1 133 626 B.t.u. per Ib. mol 


at 524 deg. F. abs. ; 
In order to obtain an expression for the variation of H; with tem- 
perature, an expression derived in Bulletin No. 139 was used. 


H =H, +7 (o +40°T+T+40'"T) —nRT 


Substituting the known values of H_,, o, and T in this equation, H, 
was calculated, and the final equation then became ; 


Ho = 1 139 198 — 15.88 7 + 0.0103 T*— 0.55 x 10°* T? 


Values of H_, for various temperatures were calculated from this equation, 
as follows: 


T 7, 
deg. F. abs. 
500 1 1383 763 
1200 1 134 026 


It is evident that the change in value of H, over the range from 500 to 
1200 deg. F. abs. is a very small amount as compared with the total 
value. Therefore, H, has been considered as a constant in the range 
from 500 to 1200 deg. F. abs., and is taken as 

H, = 1133 800 B.t.u. per Ib. mol 


520 


*Jour. prakt. Chem., ser. 2, vol. 35, p. 140, 1887. 
qLoc. cit., p. 19, equation (12). 
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12. Ratio of Speen Heats.—For air, the ratio of the specific heats 
at constant pressure and constant volume is 
b= 22 = 1.40" 
Vy 


For ethyl ether at 212 deg. F. 


k = 1.11 Stevenst 
= 1.08 Cazint 


The value adopted for & for ethyl ether was 1.10. To conform 
strictly to actual conditions, values of k at the actual temperatures and 
pressures existing in the gas about to undergo combustion should be 
used. However, data on the value of k under high temperature and 
pressure conditions were lacking, and the best available values seemed 
to be those at 212 deg. F. 


IV. ExprRIMENTAL APPARATUS 


13. Explosion Apparatus.—The apparatus consisted of a closed 
steel bomb, an ignition system, a motion picture camera, an indicator 
camera, a pressure indicator, a thermocouple system, and an auxiliary 
apparatus for charging the fuel into the bomb. 


14. Bomb.—The explosion bomb was a cylindrical vessel of steel, 
4 inches inside diameter, and 15 inches long, having a volume of 197.3 
cu. in. including the various connections. It was made with very heavy 
walls, approximately 21% inches thick. The inner surface was machined 
to a smooth finish, but owing to the difficulty.of cleaning, it soon be- 
came corroded, and for all the tests was in approximately the same 
condition. 

An opening in. the top of the bomb (Fig. 5) provided a means for 
introducing the fuel. Two heavy needle valves, located at one side of 
the bomb, were used to charge the bomb to any desired initial pressure, 
and to exhaust or scavenge it. The cylinder heads, of cast steel, were 
held in place by 1-inch stud bolts. One head was furnished with a hole 
for the optical indicator connection, and the other with holes for the 
spark plug and insulated electrical connections. A slit, 3 inch wide 
and extending along an element. of the cylinder, was closed by a piece 
of crystal glass 34 inch thick, ground and polished. The glass was 


*The commonly used value, which is the mean of a number of determinations, at 212 deg. F, : 
tStevens. Annalen der Physik, ser. 4, vol. 7, p. 285, 1902. 


{Cazin, Ann. chim. phys., ser. 3, vol. 66, p. 206, 1862. 


a 


q 


—— 


AN INVESTIGATION OF THE MECHANISM OF EXPLOSIVE REACTIONS 21 


packed in place between rubber gaskets, and was clamped by heavy 
steel clamp plates extending along each side. 


15. Extension Cylinder—For certain tests it was desirable to use a 
cylinder of greater length than that of the main bomb. Accordingly, 
an extension cylinder, of cast steel, was bolted to one end of the main 
bomb. This extension cylinder was of the same internal diameter as the 
main bomb (4 inches) and was 7.5 inches long. When bolted to the end 
of the main bomb the assembly furnished a cylinder 22.5 inches long, 
with the glass window extending along the side from 9.0 inches to 21.0 
inches (assuming zero at the spark plug end of the bomb). The ex- 
tension cylinder was not provided with a glass window. A thermocouple 
was inserted through an insulated bushing in the extension cylinder. 


16. Heating Coil.—In order to heat the whole bomb to temperatures 


- above the boiling point of the fuels used, it was wound with No. 18 


chromel wire. The wire was insulated from the cylinder by slipping it 
through %-inch lengths of porcelain tubing, 14 inch in outside diameter. 
The wire was wound from a transite strip attached to the cylinder close 
to the glass window, around the bomb, to a corresponding transite 
strip on the other side of the window, and reverse. In this way the 
whole available surface of the cylinder except the window was wound 
with wire. A wooden box was built around the bomb, leaving the 
window and-.ends exposed. The box was then filled with shredded as- 
bestos and magnesia insulation. The heating coil proved to be very 
satisfactory, and no trouble was experienced in securing the desired 
temperature or in maintaining it practically constant. 


17. Indicator.—The indicator used was of the optical type, employ- 
ing a diaphragm as a spring. This same instrument was used in a 
previous investigation of gaseous explosions.* A calculation for the 


natural period of vibration of the diaphragm proved that the period was 


very short as compared with the time of the explosions and led to the 
conclusion that the instrument could follow the most rapid variations in 
pressure which were likely to occur. The indicator was calibrated in 


place by means of a dead-weight gage tester. 


18. Recording Apparatus.—A photograph of the recording apparatus 
is shown in Fig. 4, and a diagrammatic sketch of the whole apparatus 
in Fig. 5. The apparatus was driven by a small direct-current motor, 
equipped with a sensitive speed control. The recor ding films were held 
on film drums similar to standard oscillograph film drums. These drums 


*Univ. of Ill. Eng. Exp. Sta. Bul. 133, pp. 16-19, 1922. 
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Tig. 4. GENERAL VIEW OF EXPLOSION APPARATUS 


were rotated by the motor through the worm drive, as shown in Fig. 5. 
The drum casings (light-tight) were equipped with bakelite spark plugs 
containing spark gaps which were connected in series with the ignition 
gap in the explosion bomb. By means of these series spark gaps a mark 
was made on each film at the instant of the passage of the spark in the 
bomb, thereby furnishing a means of correlating the various records. 
obtained on the films with the process taking place in the bomb. 

A photographie shutter placed in front of the indicator film drum. 
was used to protect the film from the light until the time of taking the 
record. Standard Kastman photographic film was used for making the: 
indicator records. 


19. Flame Photography.—The flame of the explosion was photo-. 
graphed as it appeared through the 3¢-inch wide slit along the ex- 
plosion bomb. An F:1.9 motion picture lens of 41 mm. focal length was. 
used to focus the image of the slit on the film. The film was carried 
on the film drum, which rotated past the lens; thus the image of the 
slit, if illuminated, produced a continuous strip photograph on the 
film. The relative position of slit, lens, and film drum, and the signifi- 
cance of the flame photograph can be seen from the diagrammatic. 
sketch of the apparatus (Fig. 5). 
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Fig. 5. DracraM or REcoRDING APPARATUS 


The process of photographing the flame of an explosive reaction is 
difficult, since the light is not of very great intensity or actinic value, 
and since it is of very short duration. After some experimental work 
with various films, Eastman Superspeed motion picture film (unper- 

‘forated) was adopted. This film was rendered more sensitive to the 
orange and red by bathing it in a pinacyanol dye bath.* The dye 
bath as recommended by Walter and Davis was used. 


*‘Studies in Color Sensitive Photographic Plates, and Methods of Sensitizing by Bathing,” F. M. 
Walter and R. Davis, Sci. Paper No. 422, Bureau of ‘Standards, 1921. 
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SENSITIZING SOLUTION 
Stock solution 


Ethyl alcohol oy gen .- ee tone eo 1000 c.c. 

Pinacyanol (crystals). ont. toe a. ee 1 gm. 
Film bath 

Distilled: Waterers. fo 2a. teens 60 parts 

Riliryhaleobokc. tse meee eure ee 40 parts 

Pinacyanol stock solution.....:......... 4 parts 

Ammoma Qa per cent) o>... 5. ae ee 2 parts 


The films, after being cut to the proper length, were bathed in this 
solution for 5 minutes (bath at room temperature). They were then 
washed for 2 minutes in ethyl alcohol, and dried as rapidly as possible, 
in a current of air. All these operations were, of course, carried out in 
total darkness. 

The films thus prepared were exposed as soon as possible after 
bathing, to minimize the fogging effects of the sensitizing bath. 

The developer used was glycin, which was selected on account of its 
non-fogging qualities when used for developing under-exposed films 
(as most of those taken were). The developer solution was prepared 
according to the directions of the maker of the glycin (Hauff). 

Films supersensitized and developed in this manner gave good 
negative images of the flame of the explosion. In some cases it was 
possible to dispense with the supersensitizing bath, owing to the greater 
intensity and actinic value of the light emitted when certain mixtures 
were exploded. 


20. Ignition Apparatus.—The charge of fuel and air in the bomb 
was ignited at the end of the bomb opposite the indicator connection, 
as shown in Fig. 5. Ignition was effected by a high tension spark, con- 
trolled by a timer on the shaft driving the film drums. The spark gaps 
on the film drums were connected in series with the gap in the bomb, so 
that the passage of the spark across the three gaps was, for the pur- 
poses of this investigation, practically simultaneous. 

The spark gaps in the explosion bomb were of two types. The first 
was the ordinary type of single gap spark plug, so arranged that the 
spark occurred at the center of the end of the bomb and flush with the 
inner surface of the head of the bomb. The second type was a multiple 
gap, consisting of seven gaps, each of 0.02 inch, arranged as shown in 
Fig. 6. By the use of this gap the combustion was initiated as practically 
a plane wave, so that disturbing effects, such as those due to reflected 
waves from the sides of the bomb, which may occur when single central 
ignition is used, were eliminated. The plate on which the multiple gap 


-—e: 
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Fig. 6. Muttrete Gap Ienitor 


was mounted was set 14 inch from the end of the bomb, and thus the 
effective length of the bomb was reduced to 22.0 inches when this type 
of gap was used. 


21. Timing Apparatus.—For the purposes of this investigation an 
accurate measurement of the time scale of the records obtained was 
essential. The timing apparatus consisted of a sectored disc or strobo- 
scope driven by a small synchronous motor, which was controlled by an 
electrically driven tuning fork. The tuning fork had a frequency of 50 
vibrations per second. An incandescent lamp of high intensity was 
placed so that its rays fell on a pinhole in the indicator film drum casing, 
the rays being interrupted, however, by the sectored disc of the strobo- 
scope (Fig. 5). The slots in the disc were so arranged that the light was 
allowed to pass through and produce a dot on the moving film at inter- 
vals of 0.1 second. In this way a very accurate and convenient time 
scale was obtained on the indicator film. Since the two film drums were 
of the same diameter and were coupled to the same shaft, it is evident 
that the same time scale applied to both records. 


22. Temperature and Pressure Measurement.—Initial temperatures 
were measured by copper-constantan thermocouples inserted in the 
bomb as shown in Fig. 5. One couple was also placed in the extension 
cylinder. The e.m.f. given by the couples was determined by means 
of a Leeds and Northrup precision potentiometer, and readings of the 
temperature of the gas in the bomb were made immediately before and 


after each explosion. 
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Initial pressures were measured by means of a test gage of the 
Bourdon type, connected to the bomb by one of the needle valves. 
This gage was calibrated, and the proper corrections were applied to its 
readings. 


23. Fuel Measurement and Charging.—The fuel was enclosed and 
sealed in small glass capsules. The net weight of the fuel in each capsule 
was determined by means of a chemical balance, the weighing being 
carried out to 0.1 milligram. 

A heavy steel plug (Fig. 5) afforded an opening through which the 
fuel was charged into the bomb. The glass capsule was fastened to a rod 
running axially through the plug. The plug was then screwed into place, 
and by striking the end of the rod a sharp blow, the glass capsule was 
driven against the lower wall of the bomb and broken.* The method 
described above insured against the escape of any of the volatile fuel 
by evaporation or leakage. 


V. Meruop or ConpucTING EXPERIMENTS 


24. Procedure in Making an Explosion.—Before charging the fuel 
into the explosicn bomb, the apparatus was heated to the desired tem- 
perature by means of the electrical heating coil. Since the gas in the 
bomb was entirely surrounded by the hot walls and since it was not in 
motion, it was considered that the temperature indicated by the thermo- 
couples in the bomb was that of the air and fuel mixture. 

When the desired temperature was reached an adjustment of the 
heating current was made, in order to maintain the temperature constant. 
The valves of the bomb were then closed, the fuel capsule was inserted 
into the holder, and the charging plug (Fig. 5) was screwed into place, 
closing the bomb. A sharp blow on the upper end of the capsule holder 
broke the fuel capsule against the bottom of the bomb, liberating the 
ether. Air was then admitted through one of the needle valves until 
the desired initial pressure was obtained. All valves were then closed, 
and the gases in the bomb were allowed to stand to permit thorough 
diffusion. The period of time allowed for diffusion was 15 minutes or 
more. For a bomb of the small size used, and with the additional effect 
of turbulence caused by the admission of high pressure air, it is probable 
that a thorough mixture was attained in the time allowed. 

After loading the film drums and setting them in place on the 
apparatus, the timing dise (stroboscope) was started, the film drums 
were rotated, and an initial pressure line was taken on the indicator 


_ *The broken glass was cleaned out of the cylinder after every three or four tests. At the same 
time the glass window was cleaned on the inside. 
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film drum by opening the shutter (Fig. 5) during one revolution of the 
drum. The shutter on the flame photograph film drum was opened, and 
the charge was fired by closing the firing switch, which allowed the 
timer on the film drum shaft to complete the primary circuit of the 
ignition system. The closing of the firing switch also illuminated the 
lamp behind the sectored disc, and in this way the time record was 
secured. After ignition, the drums were allowed to rotate one complete 
revolution with all the shutters open. The shutters were then closed. 
The exhaust valve (Fig. 5) was opened, and the pressure in the bomb 
was reduced to atmospheric pressure. An atmospheric or zero pressure 
line was then taken on the indicator film drum by opening the shutter 
for one complete revolution of the drum. 

After stopping the apparatus, the film drums were removed and the 
films developed. The temperature of the gases in the bomb was de- 
termined immediately before and after each explosion. The tempera- 
ture given in Table 3 (page 37) as the initial temperature is the mean of 
the readings before and after making the explosion. These two readings 
seldom differed by more than two or three degrees. 


25. Calculation of Air:Fuel Ratio.—After charging the fuel into the 
bomb, the latter contained a known weight of ethyl ether, together with 
a mass of air at a known pressure, temperature, and volume. Since the 
volume, weight, and temperature of the ether vapor were also known, the 
partial pressure of the ether vapor could be calculated from the char- 
acteristic equation for ether vapor. For the purposes of this investiga- 
tion, since more accurate data are not available, ether was assumed 
to follow the perfect gas law 


PV = MBT 


Denoting by the subscript f all quantities relating to the ether 
vapor and by the subscript a all quantities relating to the air, the partial 
pressure of the ether vapor is 


_M;B,T 
P, = 
The partial pressure of the air is then 
B 
P,=P—P;= P-L? (30) 


where P is the total absolute pressure. The weight of air is 


PaV _PV-My,B,T aS 
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The ratio of air to fuel, by weight, is then 


Mee Ee pee: 
M,..M,B.T 2B, 


mini —— el q 7 
i? 

7 

q 

; 


(32) 


where V = volume of bomb, cu. ft.; 7’ = temperature, deg. F. abs.; 
P = pressure, lb. per sq. in. abs.; M, = weight of fuel, Ib. The value* 


sf 
: 1544 
of B for ethyl] ether is g 


molecular weight 


a 20.84. The value of B for air is 53.34. Then 


B; 20.84 

Bp aaeene. Sak 
For the 15-inch bomb the total volume is 197.27 cu. in. or 0.11464 cu. ft. 
Since all the quantities of the right-hand member of equation (32) are 
known, the air:fuel ratio R can be calculated. 


The equation representing the complete combustion of ethyl ether is 
C.H;O0C.H; + 602 = 4CO, + 5 HO 


The weight of air required to burn one unit weight of ethyl ether is 
calculated from this equation and is found to be 12.38. Then the percent- 
age of the theoretical air used in an explosion performed with an 


R 
] pias 
air:fuel ratio R is 2. 38 


26. Computation and Plotting of Pressure Curve-—The distances on 
the indicator and flame films from the point opposite the auxiliary spark 
gaps (Fig. 6) to the point opposite the indicator mirror or lens, respec- 
tively, were determined by measurements of special photographs made 
with the film drums stationary. By laying off the distances thus de- 
termined on the films, a point on each record was found corresponding 
to the time at which ignition occurred in the bomb. The points thus 
determined were taken as the zero of the time record. 

By measuring the distance between the dots made on the indica- 
tor film by the stroboscope lamp, the time scale of the films was estab- 
lished. 

The ordinates of the pressure curve as recorded on the film were 
measured from the atmospheric pressure line and the abscissas were 
measured from the zero time point. The measurements were made by 


*Goodenough, G. A., ‘‘Principles of Thermodynamics,” p. 35. 
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means of a micrometer microscope reading to 0.1 mm. The data obtained 
were converted to pressures in Ib. per sq. in. abs., and time in seconds, 
and were plotted as, for example, in Fig. 9. 


_ 27. Computation and Plotting of Flame Curve.—The ordinates of the 
flame photograph (Fig. 7) represent time (along the length of' the film) 
and the abscissas represent distance of flame travel (across the width 
of the film). The flame photographs were measured to 0.1 mm, by means 
of the micrometer microscope. The same time scale was applied as in the 
case of the indicator film. 
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The coordinate representing flame travel was determined from the 
equation 
A = 1255 +4 | 
in which 
\, = actual flame travel, inches. 
x = distance to a given point on the photograph, mm. 
L = total width of photograph, mm. 
a = distance from end of window to ignition point. 


The length of the window was 12.5 inches; a, the distance from the 
end of the window to the ignition point, was 1.0 inch, 1.5 inch, or 8.5 
inches, depending on the size of the bomb and the type of ignition used. 

The flame travel, as previously determined, was then plotted against 
the time in seconds (Fig. 9). 


28. Precision and Accuracy of Measurements.— 
(a) Temperature Measurements 

The temperature measurements, made by means of the 
thermocouples and precision potentiometer, were correct and 
accurate to 1 deg. F. The couples were calibrated against a 
certified thermometer. 

(b) Fuel Weight 
The ethyl ether used as fuel was weighed to 0.1 milligram. 
(c) Initial Pressure 

The gage used for measurement of initial pressure was 
graduated to 1 lb. per sq. in., and from calibration it was de- 
termined that the gage was accurate to 0.5 lb. per sq. in. 

(d) Explosion Pressure 

The indicator diagram could be read with a precision cor- 
responding to 1 lb. per sq. in. As stated in Section 16 it was 
determined that the instrument was able to follow the most 
rapid variation of pressure which would be likely to occur in 
such explosions as were being investigated. 

(e) Flame Propagation . 

The flame photographs were in most cases quite distinct, 
and could be measured to 0.2 mm. easily. Since the width of 
the photograph was about 32 mm., representing an actual 
flame travel of 12.5 inches, the possible error of 0.2 mm. in 


measurement represents only about 0.08 inch in actual flame 
travel. 
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“- 29. Comparison of Actual and Calculated Flame Curves.—In 1 Fig. 7 
: s shown, the flame pe oerep of an explosion made under the follow- 


Test No. 4 © 


_ Length of bomb, 14.5 inches. Multiple gap ignition. 

Initial pressure, 30.9 Ib. per sq. in. abs. 

Initial temperature, 199 deg. F. 

Air:Fuel ratio, 10.49. Per cent of theoretical air, 84.8. Figure 9 
_ shows the pressure and flame propagation curves, as computed from 
_ measurements of the indicator diagram and flame photograph. 

Table 2 gives the calculations of the theoretical analysis for Test 
No. 4. For the particular test under consideration (Test No. 4) the 
various preliminary values are calculated as follows: 

(a) Temperature resulting from adiabatic combustion 


IniT1AL MIXTURE 


Re POMR Eel ah es ae a 1.000 Ib 1.000 mols 

Ret AS 5c ahaa 2.184 5.060 

RE ca Aptos ie ae 8.306 22.000 
retire fae re. : 11.490 Ib. 28.060 mols 


Calculating* the maximum temperature due to the adiabatic com- 
bustion, it is found to be 5010 deg. F. abs. The corresponding maximum 


; 259. 
pressure is 259.5 Ib. per sq. in. abs. The value of II, is then on =8.40. 


(b) Specific heat of the products of combustion 
The products of the combustion, as existing at the maximum tem- 
perature, together with their specific heats, are 


m ve my, 

CO, 2.36 mols deat 17.78 
CO 1.632 4.89 7.98 
H,O 4.605 6.35 29 24 
H, 0.395 at! 1.41 
Ne 22 .000 4.89 107.58 
31.000 mols 163 .99 


*Univ. of Ill. Eng. Exp. Sta. Bul. 139, 1923. 
o 
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The specific heats of the products listed are given for a temperature 
of 212 deg. F. The specific heat of the products is then 
163.99 
i — 
i os PAO — 
(c) Specific heat of initial mixture 
In the same way the specific heat of the initial mixture is found to be 


| eo 
(d) Ratio of specific heats 
The ratio of the specific heats of products and initial mixture is 


oa 
2 ae 0.905 


(1 — y) = 0.095 


(e) Value of k 
The value of k, or the ratio of the specific heats at constant pressure 
and constant volume, for the initial mixture, is 
k = 10.49 X 1.40 + 1.00 X 1.10 
11.49 


= 1.373 


From the values of \ in Table 2 the theoretical flame curve of Fig. 9 
-is plotted. It is evident that the theoretical curve follows the actual 
curve of flame progress quite closely except in the region of the flame 
arrest, at 0.025 second from ignition. The theoretical analysis, of 
course, takes no account of such a phenomenon, and consequently the 
calculated flame curve shows only a slight irregularity at the point in 
question. The irregularity which does occur has its origin in the cor- 
responding irregularity in the pressure curve at 0.025 second. 

Figures 11, 12 and 13 show other flame curves, both theoretical and 
actual, with the corresponding pressure curves. The conditions under 
which each test was made are given in Table 3. It should be noted that 
in most cases the theoretical curve falls slightly below the actual curve. 
This difference is consistent with the fact that equation (15) takes no 
account of heat loss. It is evident that if heat is lost from the unburned 
gas before it is compressed, the exponent n of the compression PV. = 
constant will be less than k, which equals 1.37, approximately. If n is 
less than k, as is required by the assumption of heat loss, then (1 — 2) 
as calculated from equation (15) will be smaller than if nm were equal 
to k. Thus \ would be larger, at any given time during the explosion. 
This is, in fact, the case, as is evident from the majority of the records 
obtained. 
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Fig. 10. Frame PHOTOGRAPHS 
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TaBLe 2. CALCULATIONS oF THEORETICAL ANALYSIS oF FLAME PROPAGATION 


CaLccucation of A 
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Te-TT 
(7% -0905/-A,) 
QO9S 77 
77, - 0905 
Sur (1/7) + (/8) 
Log (19) 
7 = (14) +(20) 


i, +77 ; 
Log (I7,+77) 2 1666 | 0632 |0.559\0477 | 0398 
77? LIS | | 220| 256| 282 
177(/-Ag), (24) x2) , ) 1872 | 0.823 \0758 | 0662 
HEN ERY) ) , y O177 | 0242 | 0.3/8 
A; 0.626 |0704\0758 
(27)+(26) 7 1 
Log (28) y 1620 \0.549 04640377 
= (23)+(29) / / / 102 | 103 | 106 


CALCULATION OF Wey 


517 | 285| 329 | 262 200| /50 
0/97 | 0274\ 0328 |0408 | 0547|0.778 
1408| /.547\ 1.778 
00636 \ 0.785 \ 0.753 | 0.7/0 | 06470563 


0.164 | 0.215 | 0247 | 0290 0.353 \0.437 


(+7) -/,= (22)-/ 
nll +71)-i]= (e)+(30) 

/+(32) 

Reciorocal of (22 


- (34) = Yer 
/- (34) La 


34 ILLINOIS ENGINEERING EXPERIMENT STATION 


eooT TTT TTT ttt ttt 
Ho ee oe EEEEEEEEE 


V3) 


Flame, }<3 | | |Avome~l | lA 


aS 
a) Averett 


CCEA feme TTA 
ACHE RHEE ame 1 EY 
Sica 
PRIDE Zier eb ie tebe d 7nd eye ae 
, COUDEE EIA essere FCP 8 
¢ Coop 7 
ee BSev RES “Sanea, 
8 Sage 28 ~. 
> TaeZaanmama) 
S SG P4RRRREeo) 
x BRASGERE) | 
0 Q 
S20 | 200% 
S 
S 8 
5 150 S$ 
+) 
© 
‘ 
/0 
iS] 


OTE FOO Ee 10 Ve AVEO EPO LE ad ae ea 
Time (02? joo Seconds 


Fic. 11. PRessurE AND FLame Curves ror Tests Nos. 1, 2, 3, anp 4 


It sometimes happens, however, that in the earlier stages of ex- 
plosion the theoretical curves fall slightly above the actual flame curve. 
This can be explained by the fact that the phenomenon of flame arrest 
occurs in the early stages of explosion. 

In the case of explosions where ignition was accomplished by a 
single spark at the center of one end of the cylindrical bomb, it is evident 
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Fig. 12. Pressure AND FLAME Curves ror Tests Nos. 5, 6, 7, AND 8 


that the combustion would proceed by hemispherical waves from the 
ignition point, and that a flame photograph would not give a true 
representation of the progress of the flame, since such a photograph is 
not a true representation of anything except a plane wave. However, 
with ignition by the multiple gap, with seven sparks occurring simul- 
taneously over quite a large proportion of the area of the cylinder, it is 
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very probable that the flame front, being composed of seven small 


hemispherical waves and their interference waves, is substantially a 


plane w 


ave. 


A comparison of the flame photographs and the indicator diagrams 


reveals the fact that the maximum pressure developed by the ex- 
plosion, in most cases, occurs at the time when the flame has com- 


AN INVESTIGATION OF THE MECHANISM OF EXPLOSIVE REACTIONS 37 


TABLE 3.—Trst Data 


Initial Conditions Maximum Adiabatic Max- 
> pe ee ee : “ Pressure imum Pressure 
Air: er cent Length of, +YPe 
i Fuel | Theoreti-| Temper- | Pressure Bomb of | 
oO. Ratio cal Air brag lb. persq.| inches or lgere lb 
ae tea * . per sq. . per sq. 
= abs in. abs Tmax in. abs. ue 
1 7.76 62.7 124 14.4 15.0 Ss 107.4 7.46 
2 7.80 60.6 162 14.3 15.0 Ss 91.3 6.38 
3 8.89 71.8 129 14.2 15.0 Ss 97.2 6.85 101.5 Chek} 
cs 10.49 84.8 199 30.9 14.5 M 188.4 6.10 259.5 8.40 
5 11.57 93.5 200 28.9 14.5 M 169.9 5.88 260.5 9.03 
6 10.36 83.8 189 66.9 14.5 M 362.4 5.42 554.8 
7 11.29 91.2 180 24.4 14.5 M 136.4 5.59 
8 10.92 88.3 199 26.9 14.5 M 140.4 5.22 
ioe 13.70 110.7 | 213 54.4 22.0 M 283.2 5.21 419.5 7.74 
10 10.61 85.7 204 35.4 22.0 M 221.4 6.25 
LY 13 73 111.0 196 45.4 22.0 M 253.9 5.59 318.0 7.01 
12 11.29 91.2 182 19.4 22.0 M 102.4 5.28 134.0 6.74 


pletely traversed the whole volume of the bomb. The data of Wood- 
bury, Lewis, and Canby* show that the flame of explosive mixtures com- 
pletely fills the bomb at the instant of maximum pressure. The results 
shown here confirm, in most cases, the conclusions of Woodbury, Lewis, 
and Canby. However, it is evident from the curves of Figs. 11 to 13 
that in some cases the maximum pressure occurs after the bomb has 
been completely traversed by the flame. 

The analysis of flame propagation as proposed by Nagelt and as 
applied to actual test results is evidently a reasonably close representa- 
tion of the mechanism of the normal explosive reaction in a gaseous 
mixture. The similarity of the calculated flame curves to the corres- 
ponding curves plotted from actual flame photographs indicates that 
the analysis has given a true representation of the general process, 
even though the introduction of the heat loss in the actual case does 
invalidate the equality expressed by equation (1). 


30. Velocity of Flame Propagation.—The velocity of flame propa- 
gation varies considerably during the progress of an explosion, as is 
evident from an inspection of the curves derived from the flame photo- 
eraphs (Figs. 11 to 13). However, a general idea of the magnitude of 
the flame velocity can be obtained by determining the maximum velocity 
and the average velocity. The maximum velocity is in every case cal- 
culated from the slope of the flame curve at the time before the occur- 
rence of the flame arrest. The average velocity is obtained by dividing 


*Jour. 8. A. E., vol. 8, p. 210, 1921. 
tLoc. cit. 
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TABLE 4, 


FLAME’ VELOCITIES 


_ Flame Velocities, ft. per sec. 


Test No. 

Average Maximum* 
it To ee a eee 
2 10, © Beate 
3 1326 ee ee seers 
4 10.3 34.7 
5 Tew f 145.8 
6 11.3 25.0 
ts 10.1 55.6 
8 12.1 111.0 
9 SGD SB Bal) bed essence 

10 TLS eae ere 
11 Sean 7 i ei 
12 922.0 8 A, 1 Sea 


*In some of the tests there was no well defined maximum velocity, and therefore its measure- 
ment was omitted in these cases. 


the length of the bomb by the time elapsing from ignition to the attain- 
ment of maximum pressure. The average and maximum velocities are 
given in Table 4. 

It should be noted that neither the maximum nor the average 
flame velocities show any definite dependence on initial pressure or 
temperature. The data of Woodbury, Lewis, and Canby* also serve 
to substantiate this conclusion. 


31. Flame Arrest.—The phenomenon of flame arrest, as shown in 
the results of Woodbury, Lewis, and Canby, is also present in all of the 
results obtained in this investigation. It should be noted that the 
abrupt change in velocity, as shown by the change in slope of the flame 
photograph curve, coincides with the time of the change of the rate of 
rise of pressure, as shown by the indicator diagram. According to Wood- 
bury, Lewis, and Canby, at the time of the flame arrest the flame had 
progressed through about two-thirds of the length of the bomb, while 
only about one-fourth of the total pressure had been developed. By 
reference to Fig. 9 it is evident that for this particular case the flame 
had traveled about 6.5 inches at the instant of flame arrest, or about 
43 per cent of the length of the bomb. The change in the rate of the 
rise of the pressure occurred at the same time, and the pressure had at 
this time risen to about 54 lb. per sq. in. abs., or about 29 per cent of the 
maximum pressure developed. Table 5 gives the distance traveled by 
the flame, pressure developed, and time, at the instant of the flame 
arrest, for the various explosions made. 


*Loc, cit. 
Loc, cit. 


a 7 + 
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7 
; ’ TABLE 5. 
aia : Frame Arrest Data 
eS6ee————0@—0—0$0—?000OO9WnOn9HsSNS9MmSmaS 
-¥ C Distance Traveled by Pressure Developed at P 
= Flame to Point of Point of Arrest ; Time from 
Test N. Arrest Ignition to 
‘est No. = ae = i Vor omen | lame. Arrest 
¢ Ib. per sq. PB t : 
Inches Per cent ety of eau ocada 1/100 sec. 
De Danlcu cine sees a 65 32 
De S58 55 re oi 10 
Nant ec se, acid 6 us 8.3 55 30 31 2.2 
(0 Ae 6.5 45 54 29 2.5 
Gib: he ae ee 8.4 56 56 35 4.5 
Game eetant eins ate 98 27 2.3 
Ope Ce ane ee 7.6 52 41 30 3.2 
. Shee Ser ee Sa. Me 3 9.0 
ae - ee 
Sa melee ai ate 82 32 8.0 
1D a ah ee 29 15 4.4 


=. Nore: In the tests conducted with the extension cylinder, the flame arrest occurred too early 
in the explosion to be photographed. Hence, no distance traveled by the flame to the point of arrest 
could be measured. 


Tests 1, 2, and 3 were made with ignition by means of a single 
spark at the center of one end of the bomb, while the rest of the tests 
were made with ignition by means of the multiple gap. A possible hy- 
pothesis was that the flame arrest phenomenon might be attributed to 
the fact that with single spark ignition, the combustion proceeds in 
spherical waves, with centers at the spark gap. The spherical com- 
bustion zones, accompanied as they are by similarly spherical pressure 
waves, might possibly give rise to resonance, or similar effects, which 
would cause a region of very high pressure at some particular point in 
the bomb. The flame, upon reaching this high pressure zone, would then 
be abruptly checked, and the flame arrest would appear in the photo- 
graphs. If this hypothesis is correct, the flame arrest would probably 
not appear in tests made with ignition by means of the multiple gap. 
The multiple gap starts seven small spherical waves, which undoubtedly 
soon merge into a wave front which is practically a plane, and which 
would not give rise to any resonance phenomena or reflected waves from 
the side walls of the bomb. However, it is evident from the photographs 
(Fig. 10) and the curves of flame propagation (Figs. 11 to 13) that the 
flame arrest does exist, irrespective of which of the two types of ignition 
was used. It is very probable, then that the cause of the flame arrest 


must be sought elsewhere. 
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Dixon* states that the flame arrest occurring in explosions in 
closed tubes is due to a wave which travels with the velocity of sound 
from the ignition point to the opposite end of the tube, and, rebounding 
from the end, strikes the advancing flame front, producing the arrest. 
Dixon’s work,+ however, was done with detonating mixtures, and the 
velocities of flame travel attained were much greater than in the tests 
discussed here. It is entirely possible, then, that the cause of the flame 
arrest found by Dixon was the reflected wave. An approximate calcu- 
lation of the velocity and the distance traveled by such a wave can be 
made, using data taken from the tests discussed here. 


Approximate velocity of sung <5 722: -.a.4. 527 1120 ft. per sec. 
Time elapsing (average of all tests) from ignition to flame 
BITORE. is. sch pes Oe a nein 9 rk eee ee ee 0.045 sec. 
Distance traveled by a sound wave in 0.045 sec. = 50 ft. approxi- 
mately. 


It is evident that the reflected wave originating at the instant of ignition 
could not cause the flame arrest, since, in the time during which the 
flame advanced to the point of arrest, the wave would have traveled 
about 40 times the length of the bomb. 

The results of Woodbury, Lewis, and Canby show that when tur- 
bulence is produced by a rapidly rotating fan, the flame arrest still 
exists in practically the same position. However, as the turbulence is 
increased, by increasing the speed of the fan, the flame arrest becomes 
less pronounced. These facts suggest the hypothesis that a possible 
cause of the flame arrest is the partial extinction of the flame on account 
of low density of the gas. Figure 19, a diagram of motion of various 
planes of gas during the explosion, shows clearly the great decrease in 
density of the gas behind the flame front. It is entirely possible that this 
region of low density extends into the combustion zone itself, and that 
when the density reaches a certain minimum, partial extinction of the 
flame occurs. The momentary cessation of the motion of the flame 
affords an opportunity for pressure equalization, as shown by the 
pressure diagram at the instant of the flame arrest, and the consequent 
increase in density in the combustion zone allows the flame to proceed 
again. 

Investigations of the limits of inflammability of explosive mixtures 
have shown that the range of mixtures within which inflammation will 
take place narrows down rapidly as low densities are approached.t 


*Jour. Chem. Soc., vol. 99, p. 594. 
tJour. 8. A. E., vol, 9, p. 240, 1921. 


tBurrell, G. A. and Robertson, I. W., ‘Effects of Temperature and Pressure the Explosibili 
of Methane-Air Mixtures,” Bur. Mines Tech. Paper 121. 1916. a een 
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Fig. 14. Curves or THE VARIATION OF THE VALUES OF 
m AND n FOR Test No. 4 


It is probable that the same general variation occurs with ether-air 


mixtures, and if so, it is entirely possible that the occurrence of low 


densities in the combustion zone might cause the partial extinction of the 
flame. This hypothesis at least does not conflict with certain facts re- 
garding the flame arrest, which have been demonstrated by the results 
of Woodbury, Lewis, and Canby, and also by those of the present investi- 
gation. 


32. Character of Expansion and Compression of Gases During the 
Explosion Process.—Figure 14 shows the curve for the variation of the 
exponent n, during the explosion process, for the unburned gas ahead 
of the flame front, for Test No. 4. In the equation for polytropic changes 


of state, 
PV” = constant 


Different values of n denote various conditions existing during the com- 
pression, as follows: 

n = 1, isothermal compression 

1<n<k, compression with loss of heat from the gas 

n = k, adiabatic compression 

n>k, compression with heat added to the gas 
The curve of Fig. 14 shows that at 0.02 second after ignition the value 
of n is 1.00, or that the gas is being compressed isothermally. This fact 
is consistent with the usual conception of the mechanism of explosions 
since it is very probable that the unburned gas loses heat rapidly at first, 
and since the mass of gas being compressed is so large during the early 
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stages of combustion that the initial compression in any case would — 
appear almost isothermal. As the combustion proceeds, the value of n 
becomes greater, reaching 1.09 at 0.04 second, shortly after the occur- ; 
rence of the flame arrest. The increase in the value of n shows that the 
compression is becoming more nearly adiabatic than isothermal, which 
is explained by the fact that conduction and radiation from the burned 
gas begin to affect the unburned gas. The decrease of the value of n 
after 0.04 second is probably due to the flame arrest which occurred a 
short time previously. It is evident that a phenomenon such as the 
flame arrest would cause a discontinuity in the explosion process, and — 
that any equations representing the progress of the explosion would 
not be valid at the time of the flame arrest. That is, it is quite possible, 
if the flame arrest had not occurred, that the curve showing the value 
of n would have continued along the path shown by the dotted line in 
Fig. 14, and would have joined the solid line curve at about 0.075 second 
after ignition. At this time the value of n is 1.17, indicating that the 
compression has approached more nearly to the adiabatic. After 0.075 
second the value of n decreases, and near the end of the explosion pro- 
cess it again reaches the value 1.00, showing that heat loss from the 
unburned gas increases as the amount of unburned gas decreases. 
Figure 15 shows other curves of the values of n, plotted with the 
time from ignition as abscissas. Some of these curves show a tendency 
upwards in the earlier stages of explosion. The flame arrest is probably 
the cause of this upward tendency, as the time at which the flame arrest 
occurs agrees with the time of the upward trend of the ‘‘n’’ curves. 
As the flame arrest exists as a discontinuity in the explosion process, 
it is difficult to assign any definite reason for the high values of n at the 
time of its occurrence. It should be noted that in all of the curves of n, 
except those for Tests Nos. 3 and 12, the values of n are below k, show- 
ing that heat is being lost from the unburned gas continuously dur- 
ing the explosion process. However, in Test No. 3 the value of n 
reaches 1.60, and in Test No. 12 it exceeds 2.00. Hence in these tests 
heat was being added to the unburned gas during its compression. It is 
difficult to give any reason for such an occurrence in these two partic- 
ular tests, as the conditions do not differ greatly from those of other 
tests in which the values of n conformed more nearly to the normal. 
All of the curves of n show, however, a rise in the value of n (indi- 
cating heat added or, at least, a decrease of heat loss) as the explosion 
proceeds towards its later stages. This net decrease of the rate of heat 
loss from the unburned gases is naturally due to the increased tem- 
perature of the burned gases and the consequent increase in the rate of 
flow of heat from the burned to the unburned gas. As discussed previ- 
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Fig. 15. CurvrEs oF THE VARIATION OF THE VALUE OF 7 FOR 
Tests Nos. 3, 5, 6, 9, 11, anp 12 


ously, for Test No. 4,. all the curves of m show a decrease at the end of 
the combustion, indicating that the rate of eet loss increases as the 
end of the explosion is reached. 

Figure 14 also shows the variation in the value of m (the exponent 
referring to the burned gases). It should be noted that m varies between 
0.94 and 1.09, indicating that at all times during the explosion process 
heat is being added to the burned gas. The value of m for an adiabatic 
expansion would have been k = 1.37. It is evident then that the re- 
action does not confine itself strictly to the combustion zone or flame 
front. The evolution of heat by chemical reaction continues in the so- 
called “burned gas” long after the flame front has passed through any 
individual portion of the gas. F. W. Stevens* states that the flame 
phenomena do not include all of the reaction and that afterburning must 
exist. Furthermore, when the process of combustion is considered in the 


*Jour. S. A. E., vol. 9, p. 241, 1921. 
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Fic. 16. Curve SHOWING THE DIVISION OF THE TOTAL FLAME 
VeLociry ror Test No. 4 


light of the thermodynamic theory discussed in Bulletin No. 139 of the 
Engineering Experiment Station, it is evident that the chemical equili- 
brium of the gases after the flame front has passed must alter as the 
pressure and temperature change. In general there is a decrease of 
temperature and pressure behind the flame front as the combustion 
progresses, and hence the chemical reaction would tend to alter towards 
the completion, and heat would be evolved. 

The values of m are not consistent in their variation, as the factors 
influencing chemical equilibrium and heat flow behind the flame front 
vary independently. However, the values of m for all tests are without 
exception below k (= 1.37), and therefore confirm the preceding de- 
ductions relative to afterburning and adjustment of the chemical 
equilibrium. 


33. Reaction Velocity A method was derived in Section 7 for cal- 
culating the relative amount of the total flame velocity which was due 
to the chemical reaction velocity only, that is, to the spread of the flame 
from one molecule to the next. Figure 16 shows, for Test No. 4, the divi- 
sion of the total velocity into forward velocity of the molecules WY,’ 
(mechanical velocity) and reaction velocity Vy, (chemical). The chemi- 
cal reaction velocity at 0.02 seconds after ignition (the earliest point of 
the explosion at which computations could be made) was 16 per cent 
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Fig. 17. CurvE SHOWING VARIATION OF REACTION VELOCITY WITH PRESSURE 


of the total flame velocity. The reaction velocity then increased until 
at 0.10 second it was 68 per cent of the total flame velocity. The curve 
naturally tends upwards from the last calculated point at 0.10 seconds, 
and can be extended to 100 per cent at the time the flame fills the bomb. 
That is, at the end of the explosion process, when the end wall of the bomb 
is reached, the total flame velocity is entirely due to chemical reaction 
velocity. 

Figure 17 shows the curves of the reaction velocity, expressed in 
per cent of the total flame velocity, plotted against the pressure rise 
ratio II for Tests Nos. 3, 4, 5, 6, 9, 11, and 12. The curves are plotted 
using logarithmic eoette One. the portions of the reaction 
velocity curves occurring after the flame arrest have been used, since 
before and during the flame arrest the process is discontinuous and the 
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Fig. 18. Curve SHOWING VARIATION OF SLOPE OF REACTION 
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equations deduced in Section 7 cannot be considered as valid for a 
discontinuous process, such as the flame arrest. 

All of the curves of reaction velocity shown in Fig. 17 are straight 
lines, excepting at the upper extremity. This part tends to drop. The 
curves all have approximately the same slope. That is, the extreme © 
range of variation in slope, considering the straight line portions of the 
curves only, is from 0.72 to 1.38. 

In Fig. 18 the slopes of the various reaction velocity curves shown 
in Fig. 17 are plotted, using as abscissas the per cent of theoretical air 
in the mixture exploded in each test. While the points do not all lie on a 
smooth curve, the decreasing trend of the slope with the leaner mix- 
tures is very evident. The reaction velocity curves are straight lines 
when plotted with logarithmic coérdinates, and a general equation can 
be deduced giving the proportion of the total flame velocity which is 
due to chemical reaction velocity, in terms of the pressure rise and the 


characteristics of the fuel mixture. Such an equation would have the 
form 


#5 


Vas 


=e ty 


where II as before, represents the pressure rise ratio. The exponent r 
as is evident from Fig. 18, has the form 


r=at+b 
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Fig. 19. Gas Movement Diacram ror Test No. 4 


where ¢ is the per cent of theoretical air in the initial fuel mixture. The 
constants a and 6 are determined from Fig. 18 and r becomes 


r = 2.60 — 0.0163 ¢ 


Then the reaction velocity, expressed as a fraction of the total flame 


velocity, is 
_ 77 (2.60—0.01631) 
V,=cll 


This equation, of course, applies only for mixtures of ethyl ether and air, 
and for the mixture range specified. The dependence of the reaction 
velocity on the mixture strength is, in the tests considered, well defined, 
and is in general accord with the law of mass action. 
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34. Gas Movements During Explosion—Midgley* has derived a — 


method for showing the motion of the various planes of gas in a cylindri- 


cal bomb during explosion. The method was applied by him to the re- 


sults of Woodbury, Lewis, and Canby, with, however, the assumption of 
a “typical” pressure curve and of adiabatic conditions during explosion. 


Figure 19 gives a diagram showing the motion of the various planes of : 


gas during the progress of the combustion (based on the results of Test 
No. 4). Starting, for instance, with a plane of gas which was initially 
half way down the length of the bomb from the ignition point, the gas 
in this plane at first moves forward ahead of the flame front slowly, then 


, 


« 


increases in velocity, and finally at 0.09 second after ignition, it is over- _ 


taken by the flame front and burns. It is then thrown to the rear 
(towards the ignition point) with quite a high velocity and finally at 
the end of the combustion process returns to its original position. The 
gas movement diagram shows how the density of the gas behind the flame 
front is“decreased. Figure 19 was derived -according to Midgley’s 
method; the calculations, however, are based on an actual pressure 
curve using values of n for the actual explosion process, as calculated in 
Section 6. 
VII. Conciusions 
35. Summary of Conclusions.— 

(a) The theoretical analysis, as proposed by Nagel and as 
adapted to the particular cylindrical bomb explosion apparatus 
used, gives results which conform approximately to the experimen- 
tal results as determined by photographing the flame propagation. 

(b) The theoretical flame propagation curve in most cases 
differs from the experimentally determined curve by amounts which 
can be accounted for by the heat loss which occurs in the experi- 
mental determinations. 

(c) The experimental results on the whole confirm the results 
of Woodbury, Lewis, and Canby, that the flame fills the bomb at 
the time that maximum pressure is attained. However, this does 
not always appear to be the case. 

(d) The experimental results do not furnish any evidence of 
the dependence of the velocity of flame propagation on the initial 
temperature. 

(e) The flame arrest phenomenon appears in all the flame 
photographs, and occurs quite uniformly at about one half the 
length of the bomb from the ignition point. At the time of the flame 
arrest the pressure had in general risen to about 25 per cent of the 
maximum. 


*Jour. S. A. E., vol. 10. p. 357, 1922. 


ie hypo othesis tl t the tarae arrest was caused by a oar 
Eee the end of the bomb opposite the ee point 


A ‘the fh ae front causes a momentary extinction of the flame. This 
explanation at least does not conflict with any known facts regard- 
ot ing the flame arrest. 

(i) From the characteristics of the expansion and compression 


of the burned and unburned gases, respectively, during an ex- 


plosion, the existence of afterburning and adjustment of chemical 
equilibrium behind the flame front has been demonstrated. 

_ (j) The relative proportion of the total flame velocity which 
is fone to chemical reaction velocity, for the mixtures investigated, 
varies from 15 to 85 per cent during the progress of the explosion. 

(k) The results indicate that the reaction velocity is a function 
of the pressure. An equation expressing this relation has been 
suggested. 


APPENDIX A 


BIBLIOGRAPHY ON GASEOUS EXPLOSIONS 


1. General Statement.—The following bibliography is a continua- 
tion of that published in Bulletin 133 of the Engineering Experiment 
Station, 1922. It contains references dating from 1919 until 1925. 
The serial numbers preceding each reference in the bibliography con- 
stitute a continuation of the serial numbers used in the earlier list. 
The references included deal not only with the physical phenomena ~ 
involved in the explosions of gaseous and liquid fuels, but also with the 
chemical nature of the reactions. A number of references of a mathe- 
matical nature and also some few references relative to instruments 
and methods used in explosion investigations have also been included. 


No. YEAR AUTHOR TITLE AND REFERENCE 


218 1919 | K. F. Herzfeld “On the Theory of Reaction Velocity in 
Gases.’”’ Ann. der Phys., v. 59, pp. 635-67. 


219 1919 | A. H. Nuckolls “Propagation of Flame in Pipes, and Effective- 
ness of Arrestors.” Underwriters Lab. Re- 
ports, Special Investigation 528. 


220 1919 | C.C. Patterson “Some Characteristics of the Spark Discharge 
N. Campbell and its Effect in Igniting Explosive Mixtures.”’ 
Proc. Phys. Soc., v. 31, pp. 168-228. 
221 1919 | C.C. Patterson “Expenditure of Current and Energy Re- 
N. Campbell quired for Ignition in an Explosion Engine.”’ 
Internal Comb. Eng. Comm. Report No, 25. 
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Bulletin No. 126. A Study of the Effect of Moisture Content upon the Ex- 
pansion and Contraction of Plain and Reinforced Concrete, by T. Matsumoto. 
1921. Twenty cents. 

Bulletin No. 127. Sound-Proof Partitions, by F. R. Watson. 1922. Forty- 
five cents. : 

*Bulletin No. 128. The Ignition Temperature of Coal, by R. W. Arms. 1922. 
- Thirty-five cents. 

*Bulletin No. 129. An Investigation of the Properties of Chilled Iron Car 
Wheels. Part I. Wheel Fit and Static Load Strains, by J. M. Snodgrass and 
F. H. Guldner. 1922. Fifty-five cents. 

*Bulletin No. 130. The Reheating of Compressed Air, by C. R. Richards and 
J. N. Vedder. 1922. Fifty cents. 

*Bulletin No. 131. A Study of Air-Steam Mixtures, by L. A. Wilson with 
C. R. Richards. 1922. Seventy-five cents. 

Bulletin No. 132. A Study of Coal Mine Haulage in Illinois, by H. H. Stoek, 
J. R. Fleming, and A. J. Hoskin. 1922. Seventy cents. 

*Bulletin No. 133. A Study of Explosions of Gaseous Mixtures, by A. P. 
Kratz and C. Z. Rosecrans. 1922. Fifty-five cents. 

*Bulletin No. 134. An Investigation of the Properties of Chilled Iron Car 
Wheels. Part II. Wheel Fit, Static Load, and Flange Pressure Strains. Ultimate 
Strength of Flange, by J. M. Snodgrass and F. H. Guldner. 1922. Forty cents. 

*Circular No. 10. The Grading of Earth Roads, by Wilbur M. Wilson. 1923. 
Fifteen cents. 

*Bulletin No. 135. An Investigation of the Properties of Chilled Iron Car 
Wheels. Part III. Strains Due to Brake Application. Coefficient of Friction and 
Brake-Shoe Wear, by J. M. Snodgrass and F. H. Guldner. 1923. Fifty cents. 

*Bulletin No. 136. An Investigation of the Fatigue of Metals. Series of 


1922, by H. F. Moore and T. M. Jasper. 1923. Fifty cents. 


*A limited number of copies of bulletins starred are available for free distribution. _ ; : 

Sone a partial list of Dubieations of the Engineering Experiment Station is published in this 
bulletin. For a complete list of the publications as far as Bulletin No. 134, see that bulletin or the 
publications previous to it. Copies of the complete list of publications can be obtained without charge 


by addressing the Engineering Experiment Station, Urbana, Il. 
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Aggregates, and Water, by A. N. Talbot and F. E. Richart. 1923. Sixty cents. — 
*Bulletin No. 138. Alkali-Vapor Detector Tubes, by Hugh A. Brown anc 
Chas. T. Knipp. 1923. Twenty cents. : 
Bulletin No. 139. An Investigation of the Maximum Temperatures and Presa 
sures Attainable in the Combustion of Gaseous and Liquid Fuels, by G. A. Good- 
enough and G. T. Felbeck. 1923. Highty cents. = 
Bulletin No. 140. Viscosities and Surface Tensions of the Soda-Lime-Silica 
Glasses at High Temperatures, by E. W. Washburn, G. R. Shelton, and E. E. 
Libman. 1924. Forty-five cents. : 
*Bulletin No. 141. Investigation of Warm-Air Furnaces and Healing Sys-| 
tems, Part II, by A. C. Willard, A. P. Kratz, and V. 8. Day. 1924. Highty-five — 
cents. : 
*Bulletin No. 142. Investigation of the Fatigue of Metals. Series of 1923, byl 
H. F. Moore and T. M. Jasper. 1924. Forty-five cents. z 
*Circular No. 11. The Oiling of Earth Roads, by Wilbur M. Wilson. 1924. 
Fifteen cents. : 
Bulletin No. 143. Tests on the Hydraulics and Phen of House Plumb- — 
ing, by H. E. Babbitt. 1924. Forty cents. 
Bulletin No. 144. Power Studies in Illinois Coal Mining, by A. J. Hoskin, 
and Thomas Fraser. 1924. Forty-five cents. 
*Circular No. 12. The Analysis of Fuel Gas, by S. W. Parr and F. E. Vanda- 
veer. 1925. Twenty cents. 
Bulletin No. 145. Non-Carrier Radio Telephone Transmission, by H. A. 
Brown and ©, A. Keener. 1925. Fifteen cents. 
*Bulletin No. 146. Total and Partial Vapor Pressures of Aqueous Ammonia 
Solutions, by T. A. Wilson. 1925. Twenty-five cents. 
*Bulletin No. 147. Investigation of Antennae by Means of Models, by J. T. 
Tykociner. 1925. Thirty-five cents. 
Bulletin No. 148. Radio Telephone Modulation, by H. A. Brown and C. A. 
Keener. 1925. Thirty cents. 
*Bulletin No. 149. An Investigation of the Efficiency and Durability of Spur — 
Gears, by C. W. Ham,and J. W. Huckert.. 1925. Fifty cents. 
*Bulletin No. 150. A Thermodynamic Ana’ysis of Gas Engine Tests, by Coz 
Rosecrans and G. T. Felbeck. 1925. Fifty cenés. 
*Bulletin No. 151. A Study of Skip Hoisting at Illinois Coal Mines, by Arthas 
J. Hoskin. 1925. Thirty-five cents. 
*Bulletin No, 152. Investigation of the Fatigue of Metals. Series of 1925, by 
H. F. Moore and T. M. Jasper. 1925. Fifty cents. 
*Bulletin No. 153. The Effect of Temperature on the Regisaaies of Single 


Phase Induction Watthour Meters, by A. R. Knight and M. A. Faucett. 1926. 
Fifteen cents. 


*Bulletin No. 154. An Investigation of the Translucency of Porcelains, by 
C. W. Parmelee and P. W. Ketchum. 1926. Fifteen cents. 

*Bullevin No. 155. 'The Cause and Prevention of Embrittlement of Boiler Plate : 
by 8. W. Parr and F. G. Straub, 1926. Thirty-five cents. 

*Bulletin No. 156. 'Tests of the Fatigue Strength of Cast Steel, by H. F. Moore, 
1926. Ten cents. 3 

*Bulletin No. 157. An Investigation of the Mechanism of Explosive Reactions, 
by C. Z. Rosecrans, 1926, Thirty-five cents. 
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_ \ ‘THE UNIVERSITY OF ILLINOIS» 
| THE STATE UNIVERSITY =~ 
Urbana | 


Davin Krvtay, Ph.D., LL.D., President 


THE UNIVERSITY INCLUDES THE FOLLOWING DEPARTMENTS: 


~The Graduate School 27 OER 
_ The College of Liberal Arts and@ Sciences (Curricula: General with majors, 


in the Humanities and the Sciences; Chemistry and Chemical Engineer- 
ing; Pre-legal, Pre-medical and Pre-dental; Journalism, Home Economics, 
“Economie Entomology and Applied Optics) 


: “4 The College of Commerce and Business Administration (Curricula: General 


Business, Banking and Finance, Insurance, Accountancy, Railway Admin- 
istration, Railway Transportation, Industrial Administration, Foreign — 
Commerce, Commercial Teachers, Trade and -Civie Secretarial Service, ~ 
- Public Utilities, Commerce and Law) 
The College of Engineering (Curricula: Architecture, Ceramics; Architectural, 
_ Ceramic, Civil, Electrical, Gas, General, Mechanical, Mining, Municipal 
and Sanitary, and Railway Engineering; Engineering Physics) 
The College of Agriculture (Curricula: General Agriculture; Floriculture; 
~- Home Economics; Landscapé Architecture; Smith-Hughes—in conjunc- — 
tion with the College of Education) ; 


|The College of Education (Curricula: Two year, prescribing junior standing 


for admission—General Education, Smith-Hughes Agriculture, Smith- 
Hughes Home Economics, Public School Music; Four year, admitting 
from the high school—Industrial Education, Athletic Coaching, Physical 
Education FS : 
- ~The University High School is the practice school of the College of 
Education) 

The School of Music (four-year curriculum) 

The College of Law (Three-year and four-year curricula based on two years 
of college work) 

The Library School (two-year curriculum for college graduates) 

The College of Medicine (in Chicago) 

The College of Dentistry (in Chicago) 

The School of Pharmacy (in Chicago) 


The Summer Session (eight weeks) ; 
Experiment Stations ané Scientific Bureaus: U. S. Agricultural Experiment 


-- Station; Engineering Experiment Station; State Natural History Survey; 

-- State Water Survey; State Geological Survey; Bureau of Educational 
Research. 

The Library collections contain (May 1, 1926) 707,722 volumes and 154,911 
pamphlets. 3 


i tion address 
For catalogs and_ informatio : THE REGISTRAR 


Urbana, Illinois 


